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SUMMARY

A statistical analysis of vertical velocities at second wheel to
touch was made from photographs of 353 landings of transport airplaenes
at Washington National Airport. The effects of gusts, rolling direction,
and number of engines are presented. Comparisons are made with vertical
velocities of the first wheel to touch (NACA TN 3194).

The results of the statistical analysis indicated that the proba-
bility of equaling or exceeding a given high value of vertical velocity
was slightly greater in any given landing for the second wheel than for
the first wheel to contact. Gusty wind conditions had the effect of
increasing the vertical velocities for both the first and second wheels
to contact. The effect of the direction of rolling was such that the
probability of equaling or exceeding a given high value of vertical
velocity was greater for the wheel toward which the airplane was rolling
just prior to initiel impact. There appeared to be no correlation
between the relative vertical veloclties of first and second wheels to
contact and the ratio of wheel tread to radius of gyration such as would
be expected from theoretical considerations.

7 INTRODUCTICON

In reference 1 statistical information was presented on vertical
velocities, forward speeds, roll angles, and rolling velocities for the
first wheel to contact during lendings of transport airplanes in routine
daytime operations at the Washington National Airport. This information
was obtailned by photographing the landings with a specially built motion-
picture camera. Theoretical calculations of reference 2 indicated that
under some conditions the vertical veloclty for the second wheel to touch
may be higher than for the first wheel. The photographic records obtained
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in the investigations of reference 1 were reevaluated to obtain these
data. Since the photographic records were terminated shortly after the
first wheel contacted the runway, records of the second wheel to touch
were not always obtained. In fact, in only 353 of the 478 landings
reported was the second wheel to contact in the picture; and of these
353 lendings, only 312 had the velocities of the first end second wheel
to contact and the rolling direction at first contact available simul-
taneously. Rolling velocities or roll angles could not be obtained for
the second wheel to contact since, in a considerable number of cases,
the first wheel to touch was still in contact with the ground. Hence,
possible oleo strut deflections prevented the determination of these
anguler parameters. The horizontal velocities for the second wheel to
touch were about the same as those of the first wheel to touch. The
statistical data on horizontal velocities for the first wheel to touch
can be found in reference 1. The purpose of this investigation is to
present the statistical information on the vertical velocity of the
second wheel to touch and to compare these data with those for the first

wheel to touch.

SYMBOILS
yt/kX ratio of semitread to rolling radius of gyration
v vertical velocity, ft/sec
%z skewness factor
a standard deviation, ft/sec
P rolling velocity, deg/sec
¢ roll angle, deg
Subscripts:
1 first-wheel-contact condition
2 second-wheel-contact condition

APPARATUS AND METHOD

The 35-millimeter motion-picture camera with which statistical data
of the landings were obtelned is shown in figure 1. The shutter speed
was 1/600 second and the film speed was 25 frames per second. The camera
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had a L40-inch-focal-length lens end was mounted on a plate which could
swivel only in azimuth. The swivel post was rigidly and permanently
attached to a traller frame. ZEach corner of the trailer frame was sup-
ported by a Jack that permlitted adjustment of the vertical angle of the
lens optical axis. By means of these Jacks and screw attachments on the
lens barrel, the lens optical axis could be accurately leveled at all
points of the camera traverse.

Statistical data were obtained from landings of the transport air-
planes for which general specification information is given in table I.
All data in the present analysis were obtained from landings on runway 33
at the Washington National Airport. The camera was located 800 feet
from the center line of the runway in line with the region on the runway
at which the greatest number of touchdowns were evidenced by the concen-
tration of tire marks upon the runway surface.

Values of vertical velocities were determined by measuring the
vertical distance through which the wheel image moved in the time inter-
val of the five motion-picture frames immediately prior to second-wheel
contact, which is equivalent to 4/25 second. Corrections were applied
to the results to account for the distance from the image to the lens
optical axis, and the distance from the camera to the alrplane wheel.
Complete descriptions of these corrections and the formulas used are
available in reference 3. With the corrections applied to the results,
the probable error of the vertical velocity is conservatively estimated
to be within #0.30 foot per second.

PRESENTATION OF RESULTS

The overall results of the statistical analysis combining all flight
conditions and airplane types are presented in figure 2 as frequency
distributions of the vertical velocitlies V; and Vo of the first and
second wheels to contact, in figure 3 as a frequency distribution of the
difference in velocities Vo - Vi, and in figure 4 as probability curves

for V3 and Vo. Other pertinent results are given in table II. The

probability data were reduced to Pearson type III curves with the aid
of charts presented in reference 4. The experimental probabilities are
shovn in figure 4 (and subsequent figures) for the same class intervals
that were used in the corresponding frequency-distribution curves to
indicate the fit of the Pearson curves to the data.

The effect of gusts on vertical veloclties is shown in figures 5
and 6. The presence of gusts at the time that the landings were photo-
graphed was determined from airport hourly weather reports. The defi-
nition of gustiness as used herein is in accordance with_the criteria of
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reference 5, which defines gusts as sudden, intermittent increases in
wind speed with at least a 10-mile-per-hour (9-kn0t) variation between
peaks and lulls. The peaks must reach at least 18 miles per hour

(16 knots) and the average time interval between peaks and lulls should
usually not exceed 20 seconds.

The effect of the direction of rolling velocity at the time of the
first wheel to contact on the vertical velocities V5 and Vo 1is shown
in figures 7 and 8. Rolling is labeled in the figures and table II as
positive (+) when the airplane is rolling toward the first wheel to
contact and negative (-) when the airplane is rolling away from the first
wheel to contact.

Presented in figure 9 is a comparison of the vertical-velocity
probability curves obtained from the measured date for the first- and
second-wheel contacts, separated into four-engine- and two-engine-airplane
categories. This separation was made because theoretical considerations
(ref. 2) indicated that the ratio yt/kx has a substantial effect on the
relative severity of the impact velocity of the first and second wheels
to contact in landing. The values of the ratio y4/ky of 0.7 to 0.8
for the four-engline alrplanes are appreciably different from the values
of 1.0 to 1.2 for the two-engine airplanes. .

A tabulation of the statlstlical data used in this paper is given
in table ITT.

DISCUSSION

The results of figure 4 indicate somewhat higher vertical velocities
for the second wheel to contact than for the first wheel. For example,
for a probability of 0.001 the vertical veloclty for the first-wheel
contact is 4.5 feet per second, while for the second-wheel contact 1t is
5.2 feet per second. The average vertical velocity, however, was practi-
celly the seme (about 1.4t ft/sec) for each wheel (fig. 2).

Gusty wind conditions had the effect of increasing the vertical
velocities for the second wheel to comtact (fig. 5). This result was
also found in reference 1 for the first wheel to contact. The results
for both gusty and nongusty wind conditions (fig. 6) indicate that, as
before, higher vertical velocities occur for the second wheel to contact
than for the first wheel. For example, for a probability of 0.00L the
vertical velocities are 4.9 feet per second and 3.7 feet per second for
gusty and nongusty wind conditions, respectively, for the first wheel to
contact, and about 5.5 feet per second and 4.1 feet per second for gusty
and nongusty wind conditions for the second wheel to contact. The average
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value for Vi and the average for Vo were about the same in gusty

wind conditions (1.5 ft/sec) and also in nongusty wind conditions
(1.2 ft/sec). (See table II.)

A factor affecting vertical velocities at second-wheel contact is
the direction of rolling at first-wheel contact (fig. 7). When the air-
planes are rolling toward the first wheel to contact, the average value
for Vo (1.30 ft/sec) is apprecisbly less than for Vi (1.64 ft/sec).
With the alrplane rolling away from the first wheel to contact, the
average value for Vo (1.53 ft/sec) is appreciably higher than for
V1 (1.20 ft/sec). The probability of exceeding a given high value of
velocity is also higher for the first wheel than for the second wheel
with positive roll, but with negative roll it is lower for the first
wheel than for the second (fig. 8). For instance, the probability of
exceeding a velocity of 4t feet per second is gbout 0.0046 for the
second wheel and ebout 0.0058 for the first wheel with positive roll,
and about 0.0084 for the second wheel and 0.0025 for the first wheel
with negative roll.

From the statistical data shown in table II and figure 9, there
appears to be no definite correlation associated with the factor y/kx.
The average vertical velocity is about the same for first or second wheel
to contact for the two-engine airplanes and somewhat higher for the first
wheel than the second for the four-engine airplanes. In both cases,
however, the probability of equaling or exceeding a given high value of
vertlcal velocity tended to be somewhat greater for the second wheel
to contact than for the first. Apparently, the effect of the differences
in Yt/kX is masked by other factors such as bank angles and rolling
velocities at initial contact, side drift, landing-gear energy-
dissipation efficiency, and so forth.

CONCLUSIONS

A statistical anslysis of the contact conditions of the second wheel
to contact of 353 transport airplane landings in routine daytime opera-
tions has been made. This study has led to the following conclusions:

1. The probability of equaling or exceeding a given high value of
vertical velocity was somewhat greater in any given landing for the
second wheel than for the first wheel to contact.

2. Gusty wind conditions had the effect of increasing the velocities
for both the first and second wheels to contact.

3. The effect of the direction of rolling was such that the proba-
bility of equaling or exceeding a given high value of vertical velocity
was greater for the wheel toward which the airplane was rolling Just
prior to initial impact.
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. There appeared to be no correlation between the relative
vertical velocities of first and second wheels to contact and the ratio
of wheel tread to radius of gyration such as would be expected from
theoretical considerations.

Langley Aeronautical Iaboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., October 25, 1955.
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TABLE I
GENERAL EPECIFICATION DATA FOR TRANSPORT AIRPLANES
Mexdmem | __. o . . - Meodmum 11t
Number gTOBS Wing Maximum Maximm permiseible | Main-axle coefficient,
Alrplane of . weight, | &res, |wing loading, lsnding walght, wheel tread, landing vi/kx
engines 1 sq Pt 1t/sq £t 1b £t candition
a Momm a8 o 9 EAn xhx 0 N =3 aTe's] 1K S 10 .
A LWL 2ngluc g P A S 4 p iy <+ (=P =4
B Two angine 27,000 588 27.3 25,000 18.5 1.96 1.01
c Two engine 31,000 970 32,0 29,000 18.5 2,04 ——
D Two engine 5,000 | 1,560 33,0 45,000 26 2.29 -——-
B Two englnoe Lz, 750 906 yr.2 ko, 000 25 2.78 ——
F Four englne | 73,000 | 1,463 49.8 63,500 26 2.42 ————
G Two engine 41,790 817 51.1 39,800 . 25.5 2.36 1.18
E Four englne | 107,000 | 1,650 6k.9 85,500 28 2.54 .13
I Four engine | 120,000 |1,650 2.7 98,000 28 2.54 S—
J# Four engine | 88,000 |1,46% 60.0 75,000 26 2.57 .68
J# Four engine | 103,000 | 1,463 TOM 88,000 26 2.60 -
X Four engine | 142,500 | 1,769 80.5 121,700 28.5 2.2 Th
¥Same type of plane - different allowable loada.

0T9% MI VOVN



TABLE II

VAIUES (Ff STATISTICAL FARAMETERS FOR LANDING CORTACT CONDITIOHS

Maxd mum Average
Wheel to Kumber of vertical vertical Standard Skevnoess
Condition contact landings valoeity, valocity, devietion, faotor,
Vigaxs ft/sec Vav, £t/sac o, £t/sec @3
Clappsified according to gust condition
Second % h,99 1.57 0.81 1.09
Total Firet 3520 k.5 1.24 .75 .70
Second 206 h.99 1.%3 BT 1.01
Gusty First 232 4.5 1.57 .80 T
Second 1h7 5.37 1,16 .68 gs
Nongusty First 1688 3. 1.27 6 47
Ulaasified socording to number of angilnes
Becond 180 4.hg 1.46 0.81 0.88
Two engine First 180 4.03 1.46 .76 .82
Second 132 k.3 1,31 .82 .50
Four engine Tirst 132 k.5 1.50 5 67
Clipsified mceording to direction of roll
Second 194 k.37 1.30 0.78 0.90
Total roll (+) First 194 b,56 1.64 T B2
o Bacond 118 k.h9 1.53 .90 2
Total roll (-) First 118 i,03 .20 .70 1.04
Second 312 L.k 1.k0 .82 Bl
Total First 312 4,56 1.47 .T6 LT

2}

0T9% NI VOVN



TABLE IIT.- TABUIATION OF DATA

NACA TN 3610
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TABILE ITT.- TABULATION OF DATA - Continued
lanAlng mmber Adrplane type v, v, # ’ Qusty Koogusty
N ft'}lsoc !t?;oc deg da:}m

181 B 1.85 1.856 -1.0 ~-0.5 p— x
8% G .18 1.13 — —_— —_ x
185 I 82 1.68 .2 -1.8 — x
186 r 1.07 .20 1.k -3 — x
187 B -60 39 -.6 1.9 —_— x
189 F 1.29 AT -1 .6 — x
190 A 1.33 g2 1.5 1.2 _— x
151 T 1.69 134 -1.0 2 — x
15% g 2.03 l.a 2.9 .8 —_ x
199 ):4 3.10 1.92 3.9 2.6 x —
205 J 1.22 R —_— -.8 x ——
206 r —_— —_— — x ~—
207 . [\ .0 & -1 x ——
20 H A0 S1 -6 -2 x —
212 P 33 59 -k .9 x —
a3 a 1.59 1.59 -3 RY x —

216 E — K — — x

217 H 1.78 2.55 -3 -2.0 x
218 B 1.8 157 -1.1 x —
219 b4 1.56 38 1.1 -5 x —
220 E 1.86 1.82 -7 .1 x —
=5 E 3.50 3.77 -2.1 2.1 x —
226 E 2.9 153 -2.5 1.9 x —
229 J —_— 1.70 —_ — x —
2352 .G 2.09 1.7 ~3.5 1.0 x —
ga J — 85 — —_— x —
J 2.6 1.87 -3.6 1.7 x —
236 F — 2.8 — —_— x —
20 b3 1.28 1.5 -1.8 R x —
2% [+] _— 2.61 —_— —_— x —
&5 b4 1. 2.21 -2.1 .3 x —
246 E g T -2.3 -1.5 x —
47 I 1.86 131 -3.3 2 x —
248 e 1.5 3.10 3.7 -2.6 x —
252 1) 2.06 139 T . — x
25 F EY K -9 -3 — x
zye J 2.5% 2.23 -2 5 -— x
5 b 4 1.76 1.19 2 .8 —_ x
256 J Sh 83 -5 -3 —_ x
259 J 1.98 . -1.3 1.0 -— x
261 G 35 91 .2 -1.9 _— x
263 J 2.29 1.9 -2 N — x
= E 2.21 1.52 1.0 1.3 — x
265 E 3- 331 =3.2 oL -— x
266 J 2. 2.1 .2 -2 -— x
257 b4 1.23 133, -5 -2 — x
268 E .g 1.20 -1.3 -0 -_ x
270 ): K 137 -1.2 -1.8 -— x
2n .S -78 B3 =3 i1 -—_ x
Py ¥ 1.0 1.h% -1.2 5 -— x
gg H 1.9 1.45 1.1 R — x
B — 1.70 -_— -_— - x
282 B 2.86 143 -1.1 2.3 — x
283 A 1.72 1.72 -1.% 1.2 —_ x
28% E 1.02 <55 .8 . —_ x
286 r 1.08 57 -1.8 -5 —_ x
290 G R 1.09 1.2 2.0 —_ x
296 B -—_ -%6 _ —_— -_ x
298 o -— 1.63 _— J— —_ x
299 B -— 15 - - x -
300 : ¢ 1.h3 80 - 1.5 .6 x —_—
3m E 1.08 .93 2.6 2 x —
304 B 2.8% - A x —
05 B 1.66 55 -2.8 -1.3 x —~—
305 -] 2.53 1 -2.9 .6 x —
J 1.9 1.76 o A x -—
it 3 K 1.2 Zu 16 = =
310 E 1.9 1.23 -2 -1.7 x -—
m : 4 2.28 81 -1.% 2.0 x -—
ns B 12 .62 1.7 2.4 x —
3k J 1.5 1.7 -5 2 x —
313 J 2.97 2.97 2 e x —
n6 E 2.2 1.60 -1.6 1.6 x —
nr J -5 -39 -.6 -7 x -—
»ns A Sk 1.07 -5 -2.3 x —
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TABLE ITT.- TABULATION OF DATA - Continued
Landing m=ber Atrplans type V1, Ve, f1, 5 Gusty Nougusty
hed B 0.6 1.7 a7 .7 x —
233 J 1. 2. -2 ~2 x —
head E 1.59 1.57 -2 -2 x _—
423 ¥ 1.50 B -9 2.0 x —
46 r -89 1.7 2.6 1.9 x —
bl B 1.61 .99 -2.6 2.5 x —
8 B .9 1.53 -1.0 1.h x —
ko J 2.19 1.90 -3.0 2.3 x —
b J 1.78 1.55 -1.0 1.2 x —
%2 (3 - 2.51 -2 3.6 x —
by B -9 1.09 -L.8 21 x —
b o 3.07 1.70 =34 19 x —
6 r .61 -T2 -.2 -2 x —
e 3 — 1.53 — —_— x -
549 E 1.59 Y .8 x —_
550 E 133 1.5% & -3 x —
51 a .05 T2 -1 ° x —
52 H 2.27 2. [} .2 x —
AS3 B 2.57 -3. 5.9 x —
5 4 .92 1 - a x —_
456 A 1.00 RYé R 1.h x —
458 J 1.20 1.65 -5 & x —
k59 I 1.8 1.899 -1.6 T x —
260 G 1.2 3.00 =1.0 ~2.0 x ——
P15 J 1.8 - 30 -5 2.3 x -—
466 G —_— k.99 —_— —_— x —
568 J -0 2 1.4 . .2 x —_
bezd ¥ 1.06 1.95 -7 -a.0 x -
570 [} .91 1.26 -.9 -8 x -—
k2 E 2.55 «1.0 .8 x -—
TS B . 8 -.9 3 x —
hetd E 3. 3.26 -1 5 x —
Ago G -9 1.2 5 15 x —
kgL E 2.5 1.91 -1 1.0 x —_
k82 ¥ 1.00 .57 -9 L2 x —
Lo5 J K. -] 1Y -1.2 -1 x —
L85 E 1.62 -3 =3 x —
%8 J 2.48 2.58 A .7 x —
%90 J 178 147 -5 T x —
Pety B 1.8 1.58 & 2.3 x —_
hg2 ¥ .66 .0L 4 - x —
493 r .55 1.79 - -5 x —_
heod B 83 85 1.1 — z
56 x Ry 1.03 -2 -.6 -— x
598 b 3 55 1.28 -1.0 3 — x
A9 B 1.50 8 -1.5 -.8 —_ x
500 B 2.0 1.56 2.1 1.5 —— x
501 J 37 26 . 3 .6 -—_ x
502 ):4 .50 A Y -.6 — x .
503 E 2.00 2.32 -9 1.3 -— x
50k J «T0 A5 =1.0 5] —_— x
506 E 41 -1 -1.8 — x
507 H .83 T 2.3 11 — x
508 [ 58 A5 -1.1 -5 -— x
509 B .68 56 [ X -— x
0 J 1.0 1.68 o1 o -— x
s1n a 1.00 A5 -.9 N — x
52 a 1.86 1.79 -1.0 N — x
Elz H 1.89 .56 -L.6 3 -— x
= 'Y .88 1.30 1.2 -7 -— x
53 J .52 £8 -3 R _— x
"6 B 56 A4 -1 R -— x
ny9 G .13 G N .8 _— x
52 I .63 1.00 1.0 -1.2 — x
522 B —_— A5 — — -— x
523 B 1.67 139 - . — x
a2 3 1.36 8 -7 g — x
323 ¥ g 1.2 -3 -1.0 [ x
526 [+ . 120 -5 -.8 — x
527 )24 1.h0 1.66 5] 2 -— x
528 A 1.2 .95 = ¢ 1.0 J— x
529 E 1.48 1.69 -1.0 -2 _— x
530 [ 1.61 1.55 2 — x
551 G 1.05 87 -9 -6 -— x
532 B .8 ST -2 A — x
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TABILE IIT.- TABUILIATION OF DATA - Concluded

A A R N A RN R R B R
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Figure 1,- Equipment for messuring landing contact conditions.
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(420 lendings), ref. 11
Av. = 1.14]} ft/sec
/I- 1 1 1 | 1
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Figure 2.- Frequency distribution of vertical velocities for first and
second wheels to contact. Class interval = 0.5.
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Flgure 3.- Frequency distribution of difference between vertical
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Figure L.~ Probability of equaling or exceeding given velues of vertical
velocities for the first and second wheels to contact in any given
landing.
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Figure 5.- Frequency distribution of the vertical velocity for the second
wheel to contact with and without gusts. Class interval = 0.6.
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Figure 6.- Probability of equaling or exceeding given vertical velocities
for the first and second wheels to contact under gusty and nongusty
wind conditions. -
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Figure 7.~ Frequency distribution of the vertical velocities of the first
and second wheels to contact with roll toward and away from the first
wheel to contact. Class interval = 0.6.
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Figure 8.- Probability of equaling or exceeding given values of vertical
velocity for the first and second wheels to contact with roll toward
and away from the first wheel to contact.
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Figure 9.- Comparison of vertical velocities of first and second contact.
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